Characterization of embryonic globin genes of the zebrafish  by Brownlie, Alison et al.
Characterization of embryonic globin genes of the zebrafish
Alison Brownlie,a Candace Hersey,a Andrew C. Oates,b Barry H. Paw,a,c Arnold M. Falick,d
H. Ewa Witkowska,e,1 Jonathan Flint,f Doug Higgs,f Jason Jessen,g Nathan Bahary,a
Hao Zhu,a Shuo Lin,g,2 and Leonard Zona,c,*
a Division of Hematology/Oncology, Children’s Hospital, Department of Pediatrics, Harvard Medical School, Boston, MA 02115, USA
b Ludwig Institute for Cancer Research, PO Royal Melbourne Hospital, VIC, Australia
c Howard Hughes Medical Institute, Boston, MA 02115, USA
d Applied Biosystems, Foster City, CA 94404, USA
e Children’s Hospital Oakland Research Institute, Oakland, CA 94609, USA
f Institute of Molecular Medicine, Oxford, England
g Institute of Molecular Medicine and Genetics, Medical College of Georgia, Augusta, GA 30912, USA
Received for publication 16 November 2001, revised 31 October 2002, accepted 31 October 2002
Abstract
Hemoglobin switching is a complex process by which distinct globin chains are produced during stages of development. In an effort to
characterize the process of hemoglobin switching in the zebrafish model system, we have isolated and characterized several embryonic
globin genes. The embryonic and adult globin genes are found in clusters in a head-to-head configuration. One cluster of embryonic and
adult genes is localized to linkage group 3, whereas another embryonic cluster is localized on linkage group 12. Several embryonic globin
genes demonstrate an erythroid-specific pattern of expression early during embryogenesis and later are downregulated as definitive
hematopoiesis occurs. We utilized electrospray mass spectroscopy to correlate globin genes and protein expression in developing embryonic
red cells. The mutation, zinfandel, has a hypochromic microcytic anemia as an embryo, but later recovers in adulthood. The zinfandel gene
maps to linkage group 3 near the major globin gene locus, strongly suggesting that zinfandel represents an embryonic globin defect. Our
studies are the first to systematically evaluate the embryonic globins in the zebrafish and will ultimately be useful in evaluating zebrafish
mutants with defects in hemoglobin production and switching.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
In most vertebrate species, hemoglobin is a tetrameric
molecule that consists of two -globin subunits and two
-globin subunits (Perutz et al., 1960). Each of the four
globin chains is coordinated with a heme group that func-
tions directly in oxygen transport. All vertebrates studied to
date have evolved to possess multiple globin genes that are
expressed at different stages of ontogeny. The advantage of
this multiplicity lies in the ability to produce different he-
moglobins with distinct oxygen affinities during develop-
ment (Coates, 1975). This enables organisms to cope with
the environmental changes in oxygen tension. For example,
in humans, the -globin gene cluster contains five genes (,
G, A, , and ) that are differentially expressed during
embryogenesis (), fetal development (G, A), and follow-
ing birth ( and ) (Maniatis et al., 1980). The human
-globin cluster contains three functional -globin genes (,
1, 2) that are also developmentally regulated (Higgs et
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al., 1989). Changes in globin gene expression usually cor-
relate with changes in the anatomic site of hematopoiesis.
For example, in humans, the -globin gene is expressed
during primitive erythropoiesis on the yolk sac, while the
-globin genes are expressed in cells arising in later, defin-
itive, waves of hematopoiesis taking place in the fetal liver.
After birth, the -globin gene is expressed by red blood
cells originating from the bone marrow.
The structure of the globin loci has been studied in a
number of species. In mammals, the - and -globin genes
are found on separate chromosomes arranged in the order of
their expression during ontogeny (Efstratiadis et al., 1980;
Lauer et al., 1980). The physical separation of the - and
-globin genes has also been noted in the chicken, although
gene order does not correlate with developmental expres-
sion in this species (Dodgson et al., 1979; Engel and Dodg-
son, 1980; Roninson and Ingram, 1982). In amphibians
(Hosbach et al., 1983; Jeffreys et al., 1980; Patient et al.,
1980) and teleosts (McMorrow et al., 1996; Miyata and
Aoki, 1997), however, the - and -globin genes are linked
to one another, suggesting that the original duplication of
the ancestral globin gene gave rise to two linked genes. The
direction of this duplication is unclear. In frogs, the globin
genes are arranged such that they are all transcribed in the
same direction (, 5-3; , 5-3). In salmon, carp, and,
zebrafish, however, the - and -globin genes are arranged
in a “head to head” (, 3-5; , 5-3) orientation and so are
transcribed in opposite directions.
Defects in globin gene regulation and mutations within
the globin genes themselves are relatively common in hu-
mans and give rise to either - or -thalassemia, depending
on which globin gene family is affected (Higgs et al., 1989).
- and -Globins are normally synthesized in equal
amounts, as two of each subunit are required to form the
hemoglobin tetramer (Goodman et al., 1975). A decrease in
either - or -globin protein production results in an excess
of the unaffected protein chain within the cell. This unpaired
protein may then precipitate, causing damage to the cell
membrane and resulting in the destruction of the red cell
within the bone marrow. The severity of the phenotype is
usually correlated with the degree of globin chain imbalance
(Efstratiadis et al., 1980).
Changes in globin gene expression during teleost ontog-
eny have been well described in a variety of species
(Brunori, 1975; Iuchi, 1985; Wilkens, 1985). In general,
teleosts seem to have a larger number of globin genes than
is usually observed in tetrapods. This is at least in part due
to the fact that many teleost species are tetraploid (Hartley
and Horne, 1984; Johnson et al., 1987; Larhammar and
Risinger, 1994). Estimates of the number of globin genes in
these species are based on the electrophoretic mobility of
hemoglobins isolated from fish of various ages. In rainbow
trout, for example, nine larval hemoglobins have been char-
acterized. Young adults were shown to express eight distinct
hemoglobins (Iuchi, 1973a). The transition from embryonic
hemoglobins to adult hemoglobins commenced 20 days
postfertilization (dpf), when the trout larvae emerged from
their chorions (Iuchi, 1973a). This change in hemoglobin
composition was correlated with an apparent change in
erythroid cell population, as judged by morphological and
immunochemical analysis (Iuchi, 1973b).
It is unclear whether or not the embryonic and adult
hemoglobins of the trout share any globin subunits between
them. However, total embryonic and adult hemoglobin were
shown to differ with respect to oxygen carrying character-
istics and sensitivity to changes in pH (Iuchi, 1973a). Em-
bryonic hemoglobin exhibited a higher oxygen affinity and
a reduced Bohr effect when compared with adult hemoglo-
bin. The Bohr effect refers to the behavior of hemoglobins
that display a lower oxygen affinity at low pH. Salmon,
trout, and catostomid fish have been shown to possess both
Bohr and non-Bohr hemoglobins (Brunori, 1975; McMor-
row et al., 1997; Powers and Edmundson, 1972). A number
of hypotheses have been put forward to explain the evolu-
tion of the non-Bohr hemoglobins. These models propose
that the non-Bohr globins act as “emergency” hemoglobins
to ensure oxygen delivery to tissues when blood pH is
lowered by swim bladder inflation/deflation (Riggs, 1977)
or intense exercise (Powers and Edmundson, 1972). The
existence of embryonic non-Bohr globins may provide the
embryo with greater oxygen-carrying capacity over a large
pH range.
We are using zebrafish genetics to further understand the
process of hemoglobin synthesis. The zebrafish is an ideal
system for the study of embryonic erythropoiesis (Brownlie
and Zon, 1999). Embryonic erythropoiesis in the zebrafish
occurs in a region within the embryo called the Intermediate
Cell Mass (ICM). We have previously obtained evidence for
globin switching in the zebrafish, as the zebrafish adult -
and -globin genes do not appear to be expressed at high
levels during embryogenesis (Chan et al., 1997). In order to
more fully evaluate the dynamics of globin gene switching
in this animal, we endeavored to clone embryonic globin
genes from the zebrafish and analyze their expression dur-
ing development. Here, we report the isolation of the em-
bryonic globin genes and examine their patterns of expres-
sion.
A group of five mutants with an embryonic hypochromic
blood phenotype has been generated by chemical mutagen-
esis (Ransom et al., 1996; Weinstein et al., 1996). These
mutations may represent genes required for heme biosyn-
thesis, iron metabolism, or globin gene expression. The
zebrafish mutant zinfandel (zin) is a dominantly inherited
trait that causes an embryonic hypochromic anemia in the
zebrafish. We hypothesized that the anemia in zin mutants
was due to defects in embryonic globin gene expression. In
an effort to uncover such defects, we have examined the
expression of embryonic globin genes in zin animals by
using both whole-mount mRNA in situ analysis and mass
spectrometry. Our analysis showed that zin is tightly linked
to the major zebrafish globin locus on linkage group (LG) 3.
Sequence analysis of genomic clones isolated from zin an-
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imals, however, did not reveal coding mutations within
these genes, raising the possibility of a regulatory mutation.
Studies of the embryonic globin genes in the zebrafish
should lead to a better understanding of globin gene regu-
lation and switching in the vertebrates.
Materials and methods
Zebrafish strains and maintenance
Zebrafish were maintained as described (Westerfield,
1989) and staged as described (Kimmel et al., 1995). The
WIK, Dar, FWT, Tu, AB, C32, and SJD strains are standard
laboratory wild-type strains of zebrafish. zinte207 was gen-
erated in a large-scale chemical mutagenesis on the Tu-
bingen background (Tu) (Haffter et al., 1996). zinte207 het-
erozygotes were outcrossed to outbred wild-type strains
(AB) and (WIK). Mapping strains were constructed by in
vitro fertilization of eggs obtained from zinTu/AB female
heterozygotes with sperm from Darjeeling (Dar) or SJD
males. Linkage analysis was performed by using diploids
obtained from zinte207 Tu/Dar X AB outcross and haploids
obtained from a zinte207 Tu/Dar female. Genomic DNA was
isolated from haploids derived from a zinte207 Tu/Dar fe-
male.
Cloning embryonic globin cDNAs
Embryos were bled as described (Brownlie et al., 1998).
Total RNA was isolated from embryonic blood by using
RNAzol (Tel-Test, Friendswood, TX), according to the in-
structions provided by the manufacturer. The Marathon
cDNA amplification kit (Clontech, Palo Alto, CA) was used
to generate a PCR based cDNA library from this RNA.
Library synthesis was achieved by ligating a 5 adapter to
double-stranded cDNA and then using PCR to amplify the
library. Primers supplied with the kit were used according to
the manufacturer’s instructions. This amplicon was ligated
into the pCR2.1 vector (Invitrogen, Carlsbad, CA) and
transformed into bacteria. Standard molecular biological
techniques were used in the isolation, restriction, and se-
quence analysis of plasmid DNA. Two libraries were made;
the first from 100 FWT embryos sacrificed at 54–56 h
postfertilization (hpf) and the second from 55 Tu/AB em-
bryos sacrificed at the same stage. Oligonucleotides used in
the colony hybridization selection step are as follows: e1-
globin (5-TTA TCT GTA CTT CTC AGA CAT-3); e1-
globin (5-GTG GTA CTG TCT TCC CAG AGC-3).
In situ hybridization of embryos
mRNA probe synthesis and whole-mount in situ hybrid-
ization were performed as described (Thompson et al.,
1998). Embryos raised to time points beyond 24 hpf were
treated with 0.003% phenylthiourea (PTU) to prevent mel-
anization.
Analysis of embryonic globin expression by HPLC and
ESMS
Embryonic blood was collected as described (Chan et al.,
1997). Then, 50–100 l of 6 M GuCl was added to frozen
embryonic blood samples (blood from 100 50- to 50-hpf
embryos was pooled to make each sample). This was mixed
and then centrifuged to remove debris. Supernatant was
applied to a narrow bore reversed phase column Vydac C4
(1  250 mm, 5 m, 300). The HPLC system was con-
nected to a mass spectrometer through a post-flow cell split
(1:9), and globins were eluted with a gradient of acetonitrile
in 0.1% trifluoroacctic acid at a flow rate of 40 l/min. The
separation was monitored by using a UV (214 nm) detector
and electrospray mass spectrometry performed while col-
lecting 90% of nonconsumed material. MicromBioRe-
sources narrow bore HPLC system (MicromBioResources,
Auburn, CA) interfaced with the triple quadrupole electro-
spray ionization mass spectrometer (VG BioQ, Micromass
UK; Limited, Altrincham, UK) was employed. Continuum
mode scans were acquired from 700–1200 m/z at a rate of
4.9 s per scan. Scans were combined and mass spectra
processed by using MassLynx 2.1 and MaxEnt software.
Horse heart myoglobin was used for the external calibration
of the m/z scale (average Mr 16951.48). Embryonic globin
derivatization with iodoacetamide was performed by using
blood obtained from 1000 embryos collected in 4 tubes. The
content of the tubes was extracted 2 times with 10 l of
freshly prepared 5 M GuHCl/0.33 M ammonium bicarbon-
ate on ice. Samples were combined and centrifuged to
deliver 80 l supernatant, which was collected and
flushed with N2. A total of 5 l 45 mM DTT was added and
incubated at 50°C for 25 min. The sample was cooled to
room temperature and wrapped in foil, and 5 l 100 M
iodoacetamide was added. Following a 20-min incubation at
room temperature, the sample was placed on ice and ana-
lyzed by HPLC and ESMS as described above.
MALDI/TOF MS and MALDI/TOF MS PSD analysis of
tryptic peptides
Reverse-phase HPLC-separated peptide fractions were
mixed 1:1 with -cyano-4-hydroxycinnamic acid matrix (10
mg/ml in 50% acetonitrile/0.1 % trifluoroacetic acid), and 1
l was spotted onto a stainless steel 100-well target plate
and allowed to air dry.
All data were acquired on Voyager DE STR MALDI-
TOF mass spectrometer (Applied Biosystems, Foster City,
CA). The instrument was controlled with Voyager software,
and data were analyzed with GRAMS software, both sup-
plied by the manufacturer. For normal spectra, the instru-
ment was operated in positive reflector mode. External
calibration of MS data employed a mixture of standard
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peptides (Sequazyme Peptide Mass Standards kit, Applied
Biosystems: des-Arg1-Bradykinin MH 904.4681; angio-
tensin I MH 1,296.6853; Glu1-fibrinopeptide B MH
1,570.6774); the angiotensin I fragment spectrum was used
for PSD calibration. Monoisotopic masses are reported for
MS data. PSD data were acquired in 8–10 segments and
stitched to produce the final spectrum.
Tryptic digestion of embryonic globins
The carboxyamidomethylated globins were divided into
four portions and separated by microbore reverse-phase
HPLC, as described above. The corresponding fractions
were combined, vacuum dried to remove the majority of the
acetonitrile, and then lyophilized. The protein was reconsti-
tuted in 5 l 5 M GuHCl/0.33 M ammonium bicarbonate,
diluted four times with water, digested with bovine TPCK–
trypsin, and analyzed by LC/ESMS as previously described
Isolation and analysis of genomic clones encoding
embryonic globin genes
Genomic clones were isolated from a zebrafish genomic
library as previously described, using an adult -globin
cDNA as a probe (Chan et al., 1997).
Identification of BACs and PACs encoding zebrafish
globin genes
Oligonucleotide and cDNA hybridization to BAC and
PAC genomic libraries was performed as described (Brown-
lie et al., 1998). A 30-mer oligonucleotide corresponding to
the e3-globin gene (5-CAA TGG TAC AAT CAC TTC
TTT CGG TAA GCG-3) was used to isolate the D4.39,
E22.20, and A17.133 BACs. Two distinct clones, L15.72
and E5.119, were found to hybridize to an oligonucleotide
specific for the e3-globin gene (5-CAT CAG AGA TGA
AGG CAAGCT GCA GCT TTA-3). A zebrafish PAC
library was screened with a cDNA encoding an adult -glo-
bin. Based on PCR screening of 10 positives, 2 PAC clones,
J2.118 and M7.75, were shown to encode adult -globin
and -globin gene(s). PAC and BAC end sequence was
obtained as described (Brownlie et al., 1998)
Sequencing of PAC clone J2.118
A PAC containing the zebrafish globin cluster (J2.118)
was sonicated, and fragments (2–4 kb) were isolated from a
0.8% agarose gel by using a Quiagen Gel Extraction Kit.
Staggered ends were blunted by using S1 nuclease. The
blunt-ended fragments were subcloned into SmaI cut, phos-
phatased M13mp18 and transformed into Stratagene XL1
blue F and plated in a lawn of tetR XL2 blue. Approxi-
mately 3000 colonies were picked and single-stranded DNA
were prepared and sequenced by using the M13 forward
primer. Approximately 1000 of these with the best pass
rates were amplified and sequenced by using the M13 re-
verse primer. These sequences were assembled by using the
programs PHRED and PHRAP (http://www.phrap.org).
Linkage of the embryonic and adult globins was detected on
one 18-kb contig. This genomic region was amplified by
using primers F (TGAAGAAGCACGGAAAGACTAT-
CATGG) and R (CAACAGCGATGAATTTCTGGAAA-
GC) and sequenced to confirm the assembled contig.
Adult phenotypic characterization
Isolation and histological staining of blood and kidney
cells was performed as described (Brownlie et al., 1998).
MCV and MCH were determined by using a Technicon H*1
instrument (Technicon Instruments) as described (Brownlie
et al., 1998). HPLC analysis was performed as described
(Chan et al., 1997).
Genetic mapping of the zin locus and mutation detection
DNA extraction from zebrafish embryos was performed
as described, except Proteinase K digestion was reduced
from overnight to 60–90 min (Zhang et al., 1998). Genomic
DNA was used essentially as described for genotyping by
PCR (Zhang et al., 1998). The primers used to generate the
SSCP in the e1 globin gene are as follows: EMBG5#1
(5-AAG ACC ACC ATT CAA GAT-3), EMBG3#1 (5-
GAA TCT ACG TGG AGC TTC TC-3). Candidate clones
were isolated from zin haploid mutant genomic DNA by
PCR. The primers used were as follows: e1-globin (For-
ward 5-ATG GTT GTG TGG ACA GAC TTC-3; Reverse
5-GTG GTA CTG TCT TCC CAG AGC-3), e1-globin
(Forward 5-ATG AGT CTC TCT GCC AAA GAC-3;
Reverse 5-TTA TCT GTA CTT CTC AGA CAT-3), e2-
globin (Forward 5-ATG AGT CTC TCT GCC AAA GAC
AAA GCT G-3; Reverse 5-GTC TCA ATA CAT AAC
AGA GAG TTT GG-3), and ae3-globin (Forward 5-GTC
AGC CTG CCC ACA GCT AAC CAA G-3; Reverse
5-TTA AGG CGA ATA CAG CGT CGC ATC AGA-3).
Results
Isolation and characterization of zebrafish embryonic
globin cDNAs
A blood-specific embryonic cDNA library was con-
structed by using RNA isolated from primitive red blood
cells. This library was constructed by using a variation of
the 5 RACE (Rapid Amplification of cDNA Ends) tech-
nique (Frohman et al., 1988). A major band of 600 bp was
visible upon agarose electrophoresis of the PCR amplicon.
This band was subcloned and 12 individual clones were
sequenced. Sequence analysis demonstrated that 3 clones
encoded a single -globin gene (e1-globin), while 6 clones
encoded a single -globin gene (e1-globin) (Fig. 1).
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The absence of additional cDNAs led to the hypothesis
that these clones represented all of the embryonic globin
genes expressed at this time point in development. How-
ever, mass spectrometric analysis of protein lysates made
from embryonic red blood cells demonstrated the existence
of at least one additional species with a molecular weight
appropriate for a globin protein (Fig. 2a). A second embry-
onic blood cDNA library was constructed in order to isolate
clones corresponding to this protein. Ninety-six clones from
this library were picked, and 36 clones with an insert size of
600 bp were sequenced. Fifteen of these clones encoded
e1-globin and an additional 6 encoded e1-globin. Of the
remaining clones, 3 contained novel -globin sequences
and 2 contained novel -globin sequences. In order to in-
crease the efficiency of this approach, an additional 128
clones from this library were streaked out, and colony blots
were hybridized with oligonucleotides corresponding to
e1- and e1-globins. Clones that did not hybridize to these
oligonucleotides, yet contained inserts between 500 and 600
bp, were then sequenced. This second round of sequencing
led to the isolation of 11 clones containing embryonic glo-
bins sequences (8 -globin clones and 3 -globin clones).
These 16 clones were fully sequenced and were found to
represent 4 additional embryonic globin genes: 2 -globin
cDNAs (e2, e3) and 2 -globin cDNAs (e2, e3)
(Fig. 1).
Using mass spectrometry, analysis of hemolysates made
from embryonic blood demonstrated the existence of three
major peaks containing appropriately sized proteins
(15,550, 15,833, and 16,031 Da) (Fig. 2a). In a separate
experiment, lysates were subjected to carboxyamidomethy-
lation derivatization (Fig. 2b). The iodoacetamide used in
this procedure reacts with the thiol group of cysteine resi-
dues. This analysis was used to estimate the number of
cysteine residues in each protein (each reaction will produce
a mass increment of 57 Da). Analysis of derivatized proteins
showed that the 15,550- and 15,833-Da species did not
contain any cysteine residues, as their masses did not
change following iodoacetamide treatment. The 16,031-Da
species, however, contained two cysteine residues, as the
molecular weight of this species increased to 16,141 Da
following this procedure.
We have used the sequences of the embryonic globin
cDNAs to calculate their predicted molecular masses and
use them as identity markers in assignment of species mea-
sured by mass spectrometry (Table 1). On the basis of
molecular mass alone, the 15,500-Da peak is likely to cor-
respond to the e1-and/or e2-globin gene product, while
the 15,833-Da peak is likely to correspond to the e3-globin
gene. However, further tryptic peptide mapping strongly
argues against the presence of the e2-gene product in the
lysate at any considerable level (data not shown). The
16,031-Da species likely corresponds to the e1-globin
gene, on the basis of molecular weight and cysteine content.
These assignments assume removal of the N-terminal me-
thionine residue (for - and -globins) and acetylation of
the exposed N-terminal serine residue (in -globins). The
latter posttranslational modification has been reported for
Fig. 1. Amino acid sequence alignment of the zebrafish embryonic globin genes.
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other globin chains (Kasten-Jolly and Abraham, 1986; Kas-
ten-Jolly and Taketa, 1984; Moss and Thompson, 1969;
Perkins et al., 2000; Scheepens et al., 1995). Further evi-
dence for these assignments is derived from conceptual
translation of the e1-, e2-, and e3-globin cDNAs, which
predicts that these proteins do not contain cysteine residues.
The assignments have been confirmed by mass spectromet-
ric analysis of peptides generated by tryptic digestion of
these proteins following their carboxyamidomethylation
and, in the case of -globins, HPLC separation (data not
shown). Via tryptic peptide analysis, we do not observe any
species characteristic for products of the e2-globin or the
e3-globin genes at this stage of development.
The embryonic globin genes we have cloned from the
zebrafish are more similar to each other than to the zebrafish
adult globin genes. The e1- and e2-globin genes are
highly similar (97% identity), and these genes are equally
similar to the e3-globin gene (67% identity; 81% similar-
ity). The e1- and e2-globin genes are the most similar
among the embryonic -globin genes (73% identity; 84%
similarity), while the e1- and e3-globin genes are the
most highly diverged (67% identity; 82% similarity). Se-
quence analysis suggests that the e3-globin chain may be
of the non-Bohr variety. This hypothesis is based on the fact
that the C-terminal residue of the e3-globin chain is a
phenylalanine as opposed to a histidine residue. The C-
terminal histidine residue is thought to be one of two amino
acids in -globin chains that are required for the Bohr effect
Fig. 2. Mass spectrometric analysis of embryonic globin gene expression in the zebrafish. (A) Lysates made from embryonic blood were passed over an HPLC
system attached to a mass spectrophotometer. The HPLC chromatogram shows the existence of three major protein peaks eluting between 19 and 24 min.
Analysis of the molecule weights of these species (gray) showed them to be good candidates for the embryonic globin proteins. See Table 1 for peak
assignment. (B) Carboxyamidomethylation derivatization of embryonic globins. Protein lysates were incubated with iodoacetamide prior to mass spectro-
metric analysis. Iodoacetamide reacts with thiol groups of cysteine residues, and so the mass increment following derivatization can be used to estimate
cysteine content.
53A. Brownlie et al. / Developmental Biology 255 (2003) 48–61
(Perutz, 1969; Shih et al., 1993). The other embryonic
globins would be predicted to exhibit Bohr effects based on
their primary amino acid sequence (Perutz, 1970).
Expression of the embryonic globin cDNAs
Whole-mount RNA in situ hybridization was used to
analyze the expression of these six genes during embryonic
development, recognizing that it may not be possible to
distinguish individual genes due to their high level of se-
quence homology (Fig. 3). The expression of the e1- and
e-1 globins was initiated in developing erythroblasts at
approximately 15 hpf (data not shown). In situ analysis of
embryos fixed at 24 hpf demonstrated that all of the em-
bryonic globin genes were expressed in the developing ICM
(Fig. 3A–E). Expression was maintained in these red blood
cells from the time at which they entered circulation until at
least 48 hpf (Fig. 3F–J). Although it is difficult to compare
relative expression levels of these genes, it appeared that the
e1/e2-, e3-, and e1-globins (Fig. 3F–H) were ex-
pressed in a greater number of erythroid cells than the e2-
and e3-globins (Fig. 3I and J). At 72 hpf, expression of
these genes was reduced, and with the exception of e1-
globin (Fig. 3M), very little mRNA could be detected in
peripheral red blood cells (Fig. 3K–O). The reduced expres-
sion of embryonic globin mRNA did not reflect a decrease
in embryonic red blood cell number, as demonstrated by
o-dianisidine staining for hemoglobin. By 120 hpf, the tran-
scription of these genes appeared to be reactivated, and
mRNA was detected both in circulating erythroid cells and
within the ICM (Fig. 3P–S).
Isolation of zebrafish embryonic globin genomic clones
To gain a better understanding of the organization of this
locus, and to further establish the linkage between the em-
bryonic and adult globins of the zebrafish, we isolated a
number of BAC and PAC clones containing globin genes.
BAC clones L15.72 and E5.119 were isolated based on
hybridization to a 30-mer specific for the e3-globin gene.
BAC clones D4.39, E22.20, and A17.133 were found to
hybridize to a e3-globin 30-mer. Finally, PAC clones
J2.118 and M7.75 were isolated based on hybridization to
an adult globin gene, a1, and J2.118 was subsequently
shown by PCR to encode both adult and embryonic globin
genes.
We subjected PAC clone J2.118 to sequence analysis.
Clones of 2–4 kb in size were generated from the PAC, and
about 1000 clones were sequenced and assembled. One of
the assemblies contained the embryonic 1-globin and the
adult A2-globin gene. The distance between the embry-
onic and adult clusters (from the 3 exon of e1 to the 5
exon of a2) was about 9 kb (Fig 4). In an effort to prove
that this assembled contig truly contained these genes, we
designed PCR primers to amplify the entire contig from
PAC J2.118 and resequenced this PCR fragment. This con-
firmed the physical linkage of the embryonic and adult
globins. In addition, we sequenced the ends of the J2.118,
L15.72, and E5.119 genomic clones to demonstrate that
J2.118 overlapped with both L15.72 and E5.119, further
confirming the close proximity of the adult and embryonic
globin gene clusters (data not shown). None of these clones
was shown to overlap with BAC clones D4.39, E22.20, and
A17.133.
A screen designed to isolate genomic phage clones en-
coding adult -globins also resulted in the isolation of a
clone encoding an embryonic -globin, e4. The e4-glo-
bin gene is truncated within the second exon of the gene,
precluding full determination of its sequence. We do, how-
ever, have evidence that this gene is expressed and does not
represent a pseudogene (data not shown). However, we did
not identify any e4-globin cDNAs in our survey of the
embryonic blood cDNA libraries. Southern blotting exper-
iments failed to demonstrate the presence of other globin
genes within this genomic phage clone.
Mapping the embryonic globin gene clusters
We have previously reported the existence of two globin
loci in the zebrafish (Postlethwait et al., 1998). The adult
-globin A1 was placed on the genetic map by virtue of an
RFLP between the C32/SJD strains. Analysis of the segre-
gation of this polymorphism on the C32/SJD mapping panel
localized A1 to linkage group (LG) 3. An RFLP in the first
intron of e1-globin allowed this gene to be mapped within
1 cM of the A1-globin gene (0/94 recombinants). The
e3-, e2-, and e1-globin genes were mapped to this locus
based on PCR and sequence analysis of PAC J2.118.
Genetic mapping of e4-globin was accomplished by
exploiting a single nucleotide polymorphism within the sec-
ond intron of this gene. Using an allele-specific oligo (ASO)
to detect the segregation of the polymorphism in the C32/
Table 1












e1 15588 15457 15499 15550c
e2 15587 15456 15498 15550c
e3 15923 15792 15834 15833
e1 16162 16031 16073 16031
e2 16533 16402 16444 not seen
e3 16619 16488 16530 not seen
Note. In bold, molecular masses of the observed globins are shown.
a Expected molecular weight assuming posttranslational removal of N-
terminal methionine residue (131 Da).
b Expected molecular weight assuming posttranslational removal of N-
terminal methionine residue (131 Da) and acetylation of exposed serine
residue (42 Da).
c Intact e1 and e2 globin cannot be resolved under ESI MS conditions
employed in this experiment. The conclusion about the presence of e1 is
based on tryptic peptide mapping (not shown).
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Fig. 3. Whole-mount in situ hybridization analysis of embryonic globin gene expression in the zebrafish. Expression of the embryonic globin genes e1/e2
(A, F, K, P), e3 (B, G, L, Q), e1 (C, H, M, R), e2 (D, I, N, S), and e3 (E, J, O) were examined at 24 (A–E), 48 (F–J), 72 (K–O), and 120 hpf (P–S)
by whole-mount in situ hybridization. The sequence of the e1- and e2-globins is highly similar, and so it is unlikely that these mRNAs can be distinguished
by using this technique. The expression of e3-globin has not been examined at 120 hpf.
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SJD mapping panel, this gene was assigned to LG12. The
map location of e2- and e3-globin was determined by
developing a single-stranded conformational polymorphism
(SSCP) from the SP6 end sequence of the E22.20 BAC.
This polymorphism segregated in a fashion identical to the
e4 ASO, demonstrating the physical linkage of the e4-,
e2-, and e3-globin genes.
The zin mutation causes an embryonic-specific
thalassemia-like phenotype
A single allele of zin was isolated in an ENU screen for
developmental mutants. Initially, the phenotype showed
variable penetrance, but became more clearly dominant
after successive outcrosses to AB. Thus maintained, the
phenotype was typical of the hypochromic blood mutants
(Ransom et al., 1996). Hypochromia was first visible at
33–36 hpf, with a decrease in red blood cell number first
apparent at 48 hpf. The embryonic anemia stabilized at
approximately 72 hpf, at which point zin mutants appeared
to have 50% of the number of red blood cells observed in
wild-type embryos. Heterozygotes were indistinguishable
from homozygotes on the basis of red blood cell number.
When zin Tu/AB heterozygotes were outcrossed to an SJD
strain for mapping purposes, the anemia associated with the
phenotype became much more severe. A decrease in red
blood cell number in zin Tu/SJD heterozygotes was appar-
ent at the onset of circulation (24 hpf). This early anemia
obscured the hypochromic phenotype, as there were not
enough red blood cells in circulation to judge their color.
Outcrosses of the zin Tu/AB line to WIK have shown that
zin Tu/WIK embryos display a phenotype indistinguishable
from the zin Tu/SJD mutants.
Expression of all six embryonic globin genes was per-
turbed by the zin mutation in an identical fashion. A devel-
opmental time course of gene expression is shown for two
of these genes, e3-globin and e2-globin, which map to
the LG3 and LG12 globin loci, respectively. At 18 hpf,
expression of e3-globin (Fig. 5a) and e2-globin (Fig. 5b)
was normal in both zin mutants and their wild-type siblings.
GATA-1 staining of embryos from the same clutch showed
that all embryos have the same number of erythroblasts at
18 hpf, as judged by equivalent staining intensity for this red
blood cell marker (Detrich et al., 1995; Leonard et al., 1993)
(Fig. 5c). By 24 hpf, however, defects in the expression of
both globin genes were observed in zin homozygotes (Fig.
5D–G). At this stage, a decrease in red blood cell number in
zin homozygotes was also detected, as demonstrated by a
decrease in jak2a staining in these animals (Fig. 5H and J).
jak2a, like GATA-1, serves to mark the developing red
blood cells (Oates et al., 1999). At 24 hpf, zin heterozygotes
cannot be distinguished from their wild-type siblings; one-
fourth of the embryos from an incross of two zin heterozy-
gotes showed defects in the expression of e3-globin, e2-
globin and jak2a, while three-fourths of these animals
displayed a wild-type phenotype. By 36 hpf, zin heterozy-
gotes and homozygotes can be distinguished based on stain-
ing for e3-globin (Fig. 5J–L) and e2-globin (Fig. 5M–O)
mRNA. The intensity of staining now reflects the severity of
anemia in the mutants as compared with their wild-type
siblings. Thus, at 36 hpf, zin appeared to segregate as a
codominant trait with regard to embryonic globin gene
expression on the Tu/SJD background.
Analysis of embryonic globin protein expression was
performed by HPLC fractionation and mass spectrometry of
protein lysates made from embryonic blood obtained at 50
hpf (Fig. 6). zin Tu/AB heterozygotes were compared with
their wild-type siblings. At this time point, zin Tu/AB het-
erozygotes had visibly hypochromic blood, but still had a
relatively normal number of blood cells. In both the wild-
type (Fig. 6a) and mutant (Fig. 6b) lysates, four protein
peaks of approximate molecular weight 15,456/15,465 Da;
15,500 Da; 15,834 Da; and 16,031 Da were observed. The
identity of these species was discussed above. The
15,456-Da species has not been uniformly observed in all
batches of embryos, although in this experiment, this peak
15,456 Da was observed in lysates of both mutant and
wild-type sibling embryos. The variability in detection of
this peak could be due to strain differences in -globin gene
copy number or could represent a different posttranslational
modification of a known -globin species. The identity of
this peak notwithstanding, expression of embryonic globin
protein in zin and wild-type embryos was grossly similar at
50 hpf.
zin heterozygotes and homozygotes were viable as
adults. Homozygosity for the mutation did not adversely
affect survival (data not shown). Wright Giemsa staining of
blood obtained from adult zin heterozygotes shows that zin
/ definitive red blood cells cannot be distinguished from
wild-type cells on the basis of morphology (data not
shown). Unlike the other hypochromic mutants, zin adult
animals did not show an increase in circulating immature
red blood cells. Similarly, kidney preparations showed no
sign of erythroid hyperplasia in zin heterozygote adults.
Analysis of both mean corpuscular volume (MCV) and
mean corpuscular hemoglobin (MCH) demonstrated these
parameters to be normal in adult heterozygotes (data not
shown). In addition, expression of the adult globin genes in
heterozygotes was normal, as judged by HPLC analysis of
hemolysates made from peripheral blood (data not shown).
From this analysis, we conclude that no hematologic phe-
notype was apparent in zin heterozygote adults.
Fig. 4. Sequence of an 18-kb contig from PAC J2.118, showing the
embryonic 1- and 1-globin pair and an adult - and a2-globin pair.
Note that the adult -globin species is not identical to the adult globin
species previously described (Chan et al., 1997). The intervening sequence
between the embryonic and adult globins pairs is 9 kb.
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The zin mutation maps to the LG3 globin locus
A single-stranded conformational polymorphism (SSCP)
was developed by using primers made from the sequence of
the e1-globin gene (Fig. 7). This SSCP was tested on
wild-type and mutant siblings from a zin Tu/Dar  AB
outcross, as well as wild-type and mutant haploids from zin
Tu/Dar females. This marker, while part of an extremely
complex pattern of bands, segregated in a dominant fashion
and was shown to be linked to be within 0.33 cM of the zin
locus (1 recombinant in 299 meioses), suggesting that zin is
indeed located within or nearby the globin locus on LG3
(Fig. 7). As zin appeared to be tightly linked to the LG3
globin locus, embryonic globin genes known to map to this
region were tested as candidates for the gene. e1-globin,
e1-globin, e2-globin, and e3-globin were cloned by
using PCR to amplify these genes from genomic DNA
isolated from haploid zin mutants. All of these cDNAs
appeared to be free of coding mutations, confirming the
mass spectrometric analysis of embryonic globin proteins.
(data not shown).
Discussion
The number of zebrafish embryonic globin genes
We have cloned six embryonic globin cDNAs from ze-
brafish embryos (e1, e2, e3, e1, e2, e3). There is
precedence in other fish species for large numbers of adult
globin genes (McMorrow et al., 1996; Miyata and Aoki,
1997). However, a careful search for embryonic globin
genes in other teleost species has not been performed. We
have obtained evidence, based on sequence analysis of
genes amplified from genomic DNA isolated from haploid
embryos, supporting the existence of multiple copies of the
e1 and e1 genes which code for identical proteins (data
not shown). This model is based on sequence analysis of
genes amplified from genomic DNA isolated from haploid
embryos. Additional evidence for gene duplication is based
on the sequence of the J2.118 BAC clone, in which multiple
copies of these genes appear to be present. We have yet to
fully describe the complete physical structure of the globin
loci of the zebrafish. As such, we qualify our current as-
sessment of the number of embryonic globin genes, based
on cDNA analysis and an incomplete physical map, as a
likely underestimate.
A large number of globin genes could be advantageous
to the embryo if these genes gave rise to globin chains
displaying different physical properties. Biochemical exam-
ination of embryonic hemoglobins from the zebrafish is
precluded by the small amount of material that can be
isolated from these animals. However, on the basis of se-
quence analysis, one of the embryonic -globins (e3)
would be predicted to represent a globin of the non-Bohr
type. This is the first example of a non-Bohr embryonic
-globin, although the existence of such proteins would be
predicted from analysis of embryonic hemoglobin in the
rainbow trout (Iuchi, 1973b). In addition, the embryonic
-globin genes appear to be acetylated at their N termini.
This acetylation, which has also been documented in the
amphibian tadpole globins, would also be expected to re-
duce the Bohr effect (De Witt and Ingram, 1967; Scheepens
et al., 1995). Other, more subtle, differences may exist
between the remaining embryonic globins, and this may
account for the multiplicity of these genes.
Expression of the embryonic globin genes in the zebrafish
We have examined the expression of the embryonic
globin genes during the first 5 days of development. The
methods we have used to assay embryonic globin gene
expression are semiquantitative and did not allow the ex-
pression of highly similar genes to be distinguished. None-
theless, a number of conclusions can be made from these
experiments. Mass spectrometric analysis of zebrafish em-
bryonic blood demonstrated that e1, e3 and e1 encode
the major embryonic globin chains expressed at 50–60 hpf.
We did not detect protein species corresponding to the
products of the e2-, e2-, and e3-globin genes. RNA in
situ analysis confirmed that the e2- and e3-globin genes
did not appear to be as highly expressed as the e1/e2-,
e3-, and e1-globin genes at 48 hpf. In addition, the
number of clones encoding the e2- and e3-globins in our
embryonic blood libraries was comparatively low. These
data suggest that the e2- and e3-globins correspond to
“minor” embryonic globin species. Furthermore, it is pos-
sible that these genes are expressed in a subpopulation of
embryonic erythroid cells. Single cell analysis of embryonic
globin gene expression will be necessary to test this hypoth-
esis.
We observed a decrease in embryonic globin mRNA
levels at the approximate time point (72 hpf) when the
zebrafish embryos emerged from their chorions. A change
in globin gene expression correlated to hatching has been
noted in the rainbow trout (Iuchi, 1985). However, the
globin switching observed in the trout is due to the initiation
of adult globin gene expression in cells arising from a
posthatching wave of definitive erythropoiesis in the kidney
and spleen (Iuchi, 1985), whereas in the zebrafish, globin
switching is not observed posthatching. Instead, expression
of the embryonic globin genes is reinitiated at some time
between 72 and 120 hpf in both the ICM and in peripheral
red blood cells. Renewed expression of the embryonic glo-
bin genes after 120 hpf may represent expression in cells
arising from a second wave of erythropoiesis in the ze-
brafish embryo. This hypothesis is supported by data ob-
tained using other molecular markers of erythropoiesis as
well as morphological analysis of erythroid cells on day 2
and day 3 of development (A. Donovan and L.Z., unpub-
lished observations). If this hypothesis is correct, this sug-
gests that two waves of erythropoiesis in the zebrafish
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embryo produce red blood cells expressing embryonic glo-
bin genes. Later, definitive waves of erythropoiesis produce
cells expressing the zebrafish adult globins, with globin
switching occuring at some stage after 10 days of develop-
ment (Chan et al., 1997).
Structure of the zebrafish globin loci
We have obtained evidence for the existence of two
globin loci in the zebrafish genome. The minor embryonic
locus on LG12 contains three embryonic globin genes:
e4-, e2-, and e3-globin. We have no evidence for the
existence of additional genes at this locus. This locus thus
represents the first known globin gene cluster consisting
entirely of embryonic globin genes. The LG3 locus contains
a cluster of embryonic genes linked to a cluster of adult
genes. This locus corresponds to the major globin locus of
the zebrafish. This assignment is made on the basis of the
relative expression levels of the embryonic globin genes at
the two loci and the existence of adult globin genes at the
LG3 locus alone. The existence of two globin loci is con-
sistent with current theories of genome evolution in the
zebrafish (Postlethwait et al., 1998; Wittbrodt et al., 1998).
We have demonstrated that a pair of embryonic globin
genes are oriented “head-to-head” in the zebrafish genome.
This orientation resembles that previously described for the
adult globin genes in zebrafish (Chan et al., 1997), carp
(Miyata and Aoki, 1997), and salmon (McMorrow et al.,
1996; Wagner et al., 1994). This finding suggests that the
original duplication that formed the adult and embryonic
globin genes in teleosts could have involved the duplication
of an -globin/-globin gene pair. Subsequent changes in
Fig. 5. Analysis of globin gene expression in zin mutants by whole-mount in situ hybridization analysis. At 18 hpf, no defect in the expression of e3-globin
(A), e2-globin (B), or GATA-1 (C) can be detected in clutches arising from an intercross of two zin AB/SJD heterozygotes. GATA-1 is shown as a control
for erythroblast number; at this stage, no cell lysis is apparent in zin mutant embryos. At 24 hpf, expression of e3-globin (D, E) and e2-globin (F, G) is
reduced in zin homozygotes. This effect is likely to be due to a decrease in red blood cell number, as shown by reduced expression of the erythroid marker
jak2a in zin homozygotes (H, I). By 36 hpf, levels of e3-globin and e2-globin mRNA can be used to distinguish wild-type siblings (J, M), zin heterozygotes
(K, N), and zin homozygotes (L, O). The reduction in staining in the mutant embryos is reflective of the severity of the anemia at this stage and represents
a secondary effect of cell lysis.
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gene regulation and subunit structure could then function to
generate the developmental expression of biochemically
distinct globin chains.
zin represents a thalassemia-like syndrome in the
zebrafish
zinfandel (zin) maps within or nearby LG3 globin locus,
suggesting that the zin gene is either required for normal
regulation of the globin genes within this locus or corre-
sponds to a structural mutation within one such gene. We
identified a single recombinant animal (of 299 meioses)
between the e1-globin polymorpism and the zin locus.
Based on the current size of our mapping panel, we cannot
determine whether this animal represents a true recombinant
or a error in phenotyping. Future genetic analysis with a
larger panel of meioses will allow us to distinguish these
possibilities. At present, we conclude that zin maps to
within 0.33 cM of the zebrafish globin locus on LG3.
The zin phenotype is restricted to the early stages of
development, and thus, to our knowledge, represents the
first example of an embryonic specific thalassemia-like syn-
drome. In mammals, such a severe phenotype would be
expected to result in early lethality. Zebrafish, however,
appear to not require hemoglobin function during embryo-
genesis (Pelster and Burggren, 1996) (at least under labo-
ratory conditions). This predicts that the zin mutants must
recover from anemia prior to the stage at which hemoglobin
becomes required during zebrafish development.
Analysis of embryonic globin gene mRNA levels in zin
Tu/SJD mutants did not provide further information as to
the nature of the zin mutation. While severe defects in
embryonic globin mRNA expression were noted in the
mutants, both at 24 hpf and 36 at hpf, these abnormalities
appeared to be secondary to a decrease in red blood cell
number. Both the LG 3 globins (e3-globin) and LG 12
globins (e2-globin) are affected at these stages. However,
due to the large number of embryonic globin genes that
cross-hybridize to our in situ probes, analysis of single gene
expression in whole embryos is impractical. Thus, we are
Fig. 6. Mass spectrometric analysis of embryonic globin expression at 50
hpf. Analysis of wild-type embryos (A) shows the presence of four protein
peaks likely to correspond to embryonic globins: 15,457 Da (unknown),
15,496 Da [assigned as des-Met acetylated e1-globin (expected MW 
15,499 Da) and/or des-Met acetylated e2-globin (expected MW 15,498
Da)], 15,833 Da [assigned as des-Met acetylated e3-globin (expected
MW  15,834)], 16,027 Da [assigned as des-Met e1-globin (expected
MW  16,031)]. zin heterozygotes give a similar profile (B), and express
globin proteins of MW 15,466 Da, 15,500 Da, 15,835 Da, and 16,033 Da.
This expression profile differs from the one described in Fig. 2 with respect
to the presence of the peak corresponding to the 15,466/15,457 Da species.
Fig. 7. zin is linked to the LG 3 globin locus. (A) SSCP within the
e1-globin gene(s) segregates in the offspring of a zin Tu/Dar X AB
outcross. A marker corresponding to a Dar allele of this amplicon segre-
gates with respect to phenotype (1/299 recombinants) (arrow). (B) Stick
diagram of LG3 chromosome with localization of the zin gene.
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unable to detect changes in the expression patterns of a
number of individual globin genes by this method.
Given these difficulties in predicting the nature of the zin
mutation, we have studied embryonic globin gene expres-
sion by using mass spectrometric analysis to define the
molecular weights of globins expressed at 50 hpf. We have
cloned a number of embryonic globin genes and have used
this sequence information to assign peak identity. We show
that zin animals express all of the embryonic globin species
that are present in blood obtained from their wild-type
siblings, although one protein has a slightly different mo-
lecular weight in the two samples (15,457 Da vs 15,466 Da).
Most likely, this reflects an error in mass determination.
However, a mutation in a heretofore undefined -globin
species cannot be dismissed. The other differences in mass
determination between the two samples fall within the ac-
cepted error range for proteins of this size (Chan et al.,
1997). These data are nonquantitative in terms of the
amount of protein present, and thus relative size of the peaks
cannot be used as an indirect estimate of protein stability.
This limitation is compounded by the fact that the analysis
was performed by using zin heterozygotes; the existence of
an unstable globin protein would be masked by the presence
of its wild-type counterpart.
Although our expression analysis of embryonic globin
genes in zin mutants failed to identify a mutation in an
embryonic globin gene, we could not rule out the existence
of such a mutation. Thus, we cloned a number of candidate
genes from zin haploid mutants. We were unable to identify
a coding mutation in any of the embryonic globin cDNAs
described, including multiple genomic copies of the e1
and e1 genes. The nature of the zin phenotype and the
linkage analysis data favor a model in which zin is required
for normal embryonic globin gene function or expression in
the zebrafish. This defect likely represents a heretofore
undefined mutation in an embryonic globin gene or a cis
defect in the regulatory sequence of embryonic globin
genes. Based on the - and -globin gene pairing and
linkage in the teleost, globin chain imbalance is less likely
to occur in teleosts as compared with tetrapods. A defective
locus controlling region element embedded near the globin
genes could thus cause a catastrophic phenotype similar to
zinfandel. Enhanced knowledge of the structure of the locus
will increase our ability to find regulatory regions and test
zin for primary defects in gene regulation.
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